SUMMARY. Nutrient content assessment of plant tissues is widely performed by farmers to determine the appropriate amount of fertilization to use for their crops. A nondestructive leaf chlorophyll meter is one of the most commonly used devices for performing field assessments of the nutrient status of leaves. However, it is challenging to use a chlorophyll meter to assess the nutritional status of perennial plants, such as the apple (Malus ·domestica) tree, because of the difficulty estimating nitrogen (N) during the entire growing period. We compared the chlorophyll meter readings with leaf nutrient profiles collected from young 'Arisoo'/M.9 apple trees throughout the growing period. A significant positive correlation between the chlorophyll meter readings and leaf N content was found from May to August during the midseason. Regression analysis indicated that the best sampling time for predicting the foliar N content of apple tress is from late June to late July. This result suggests that a reliable leaf N assessment can be performed in a rapid, nondestructive way in apple orchards. P lant growth is dependent on its nutrient status. For perennial crop plants, such as apple trees, it is important to assess their nutrient status so that the appropriate content of each nutrient can be balanced during the growing season. Nitrogen is the main component of chlorophyll [Chl (H ak et al., 1993) ]; therefore, estimating the plant N content is important for farmers to determine the amount of N fertilizer needed for optimum nutrient management, especially for apple trees younger than 5 years (H ak et al., 1993) . Foliar N level is a reliable indicator of tree vigor, which, in turn, affects apple fruit quality as well as floral bud differentiation.
In addition, fruit coloration has a negative correlation with foliar N levels (Fallahi et al., 2001) . Because there could be negative consequences of both overfertilization and underfertilization with N, reliable methods of predicting the optimum fertilization levels are needed.
The SPAD-502 (Konica Minolta Sensing, Sakai, Japan) is a leaf chlorophyll meter that has been widely used to estimate foliar Chl and N content in a simple, nondestructive way (Ata-Ul- Karim et al., 2016; Markwell et al., 1995) . Hereafter, the term SPAD (soil and plant analyzer development) is used to refer to the measured chlorophyll meter readings. Therefore, a correlation between SPAD values and N content can provide useful information to diagnose the nutrition status of young apple trees.
Arisoo is a new apple cultivar bred in Korea that has been recently planted in many orchards. The purpose of our study was to determine whether the correlation between foliar SPAD values and actual N content in 'Arisoo' apple trees is strong enough to recommend the use of a chlorophyll meter for field nutritional assessment. Leaf nutrient profiles were established to monitor periodic changes in the content of the following five macronutrients: N, phosphorus (P), potassium (K), calcium (Ca), and magnesium (Mg).
Materials and methods

PLANT MATERIAL AND STUDY SITES.
'Arisoo' apple trees were grown for nutritional analysis from Mar. 2016 to Aug. 2018 under field conditions at the Apple Research Institute, Gunwi, Republic of Korea. Twoyear-old 'Arisoo' scions grafted on M.9 rootstocks were planted with spacing of 4 · 2 m at three sites. To consider a wide range of leaf chlorophyll and N levels, three apple orchard sites located in the main apple-producing regions of South Korea [Gunwi (lat. 36.28°N, long. 128.47°E), Chungju (lat. 37.00°N, long. 127.88°E), and Youngcheon (lat. 36.09°N, long. 128.87°E)] were classified into three categories of tree vigor (strong, medium, and weak, respectively) depending on soil fertility and the extent of tree growth. Planting density and tree age were the same at the three sites.
SOIL PHYSIOCHEMICAL PROPERTIES. In Apr. 2017, we collected nine soil samples per experimental site by core sampling. Soil was examined from the three depth layers (0-10, 10-20, and 20-30 cm we measured the content of the four macronutrients, P, K, Ca, and Mg, using inductively coupled plasma spectrometry (Integra XL 2.6; GBC Scientific Equipment, Melbourne, Australia) as described previously (Kim et al., 2011 (Lee and Zhang, 2011) . Soil pH and electrical conductivity (EC) were measured with a pH/EC meter (915PDC; Istek, Seoul, Korea) using a 1:5 (w/v) dilution method (Lee and Zhang, 2011) . SPAD READINGS. In 2017 and 2018, leaf samples were collected from each site for the SPAD reading analysis. Leaf samples collected in 2017 were used to determine the leaf nutrient profiles and to perform an analysis of the correlation matrix, whereas samples collected in 2018 were used for N regression analyses. We measured SPAD values at different time points from late May to late August. To minimize variability among leaves, we measured a uniform leaf section of all leaves used for the experiment. The middle leaf section between the top and bottom adaxial sides was selected from the third to the twelfth midshoot position of 1-year-old new shoots and sampled from each side of the tree at a height of 1-2 m for 72 randomly selected 3-year-old 'Arisoo' apple trees. Ten leaves were sampled from each tree, and the SPAD readings from each leaf were recorded and averaged to match the foliar macronutrient (N, P, K, Ca, and Mg) content for statistical analysis.
LEAF NUTRIENT CONTENT. Leaf samples collected at each sampling timepoint during each growing period were dried for 3 d and then ground; 0.4 g of each ground sample was dissolved in 12 mL of sulfuric acid solution with two catalyst accelerators [3.5 g K 2 SO 4 + 3.5 mg selenium (1000 Kjeltabs S/3.5; Foss)]. The solution was heated on a heating plate at 420°C for 1 h and cooled before the Kjeldahl digestion method was performed (Morikawa et al., 2004) . Table 1 . Soil properties at the three experimental sites in South Korea: Youngcheon (site A), Gunwi (site B), and Chungju (site C). Samples from a soil depth of 0 to 30 cm were analyzed. Properties of top soil (0-10 cm) and soil nitrogen of two depth layers (0-10 and 10-20 cm) were compared among sites. Soil pH was determined in the 1:5 (w/v) soil-to-water mass ratio.
x Soil nitrogen differences in two depth layers (0-10 cm and 10-20 cm) among sites were A = 0.17a, B = 0.12b, and C = 0.10c according to Duncan's multiple range test (DMRT) at P < 0.05.
w Means within the same column followed by the same letter do not differ statistically based on the DMRT at P < 0.05. Table 2 . Tree vigor at the three experimental sites in South Korea: Youngcheon (site A), Gunwi (site B), and Chungju (site C). Tree vigor properties of 3-year-old 'Arisoo' apple trees, including tree height, width, stem diameter, growth of both new shoots and lateral branches were compared among sites.
Tree vigor Location
Tree ht (cm) Means within the same column followed by the same letter do not differ statistically based on the Duncan's multiple range test (P < 0.05).
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To detect the four main macronutrients (P, K, Ca, and Mg), 1 g of each ground leaf sample was dissolved in 10 mL of plant digestive solution (10 nitric acid:4 hydrochloric acid:1 sulfuric acid) and heated at 200°C for 60 min. After cooling, the content of each macronutrient was measured by peak absorption (P at 213.618 nm wavelength, K at 769.896 nm wavelength, Ca at 317.933 nm wavelength, and Mg at 285.213 nm wavelength), and the actual content was converted from 100-fold diluted nutrient extracts (Integra XL 2.6; GBC Scientific Equipment). LEAF CHL CONTENT. A total of 42 leaf samples were analyzed. Six 11-mm-diameter disks from each leaf were placed in the same falcon tube (BD Falcon, Bedford, MA) and mixed with 10 mL methanol (MeOH) for Chl extraction. Mixtures were incubated in the dark for 16 h at 4°C. We measured leaf Chl content with a spectrophotometer (Epoch 2; Biotek, Winooski, VT) as described previously (Porra et al., 1989) . Total chlorophyll (Ct) content was calculated (Ct = Chl a + Chl b) using the absorbance of Chl (Chl a: 663 and 645 nm wavelength; Chl b: 645 and 652 nm wavelength).
TREE GROWTH AND VIGOR. In Oct. 2017, we measured the growth characteristics of 3-year-old trees at each site, including tree height, tree width, stem diameter, and growth of lateral branches, as well as the growth of new shoots, which together reflect tree vigor. Stem diameter was measured with digital calipers (model 500; Mitutoyo Corp., Kawasaki, Japan) at 10 cm above the grafted junction of each tree. Tree height was measured with a height meter (KA13; Kyelim, Daegu, Korea). Tree width and length of both lateral branches and new shoots were measured with measuring tapes (KMC-86; Komelon, Busan, Korea).
DATA ANALYSIS AND STATISTICS. Differences in chemical properties and tree vigor of 3-year-old 'Arisoo'/ M.9 apple trees in different experimental topsoil locations (0-10 cm)
were determined with Duncan's multiple range test (DMRT). Using R library packages Perform Analysis and Corrplot (Studio version 3.5.0; RStudio, Boston, MA), we tested the Fig. 3 . Correlation matrix of chlorophyll meter (SPAD) readings of five macronutrients, including nitrogen (N), phosphorus (P), potassium (K), calcium (Ca), and magnesium (Mg), using a random leaf sampling method for 'Arisoo'/M.9 apple trees in 2017. Scatter plot matrix during the growing season (May-August) shows the relationship with SPAD among nutrients. The correlation coefficient is flagged with red stars based on the P value at the top right corner (*, **, *** = P < 0.05, 0.01, or 0.001, respectively). The distribution of values is shown at the bottom left with a moving average trend line (red). Only N showed a significant and positive relationship with SPAD readings for all sampling timepoints during the growing period.
correlation between SPAD readings and analytically determined leaf nutrients. For SPAD-N regression modeling, SPAD readings were performed in triplicate and matched to actual foliar N content. We performed SPAD-N prediction and fit test validation using R programming (GGplot2 library; RStudio).
Results
SOIL PR O P E RT I E S AN D LEAF NUTRIENT PROFILES OF 'ARISOO'/ M.9 A P P L E T R E E S D U R I N G T H E GROWING SEASON.
We compared soil nutrient characteristics among the experimental sites using DMRT with a significance level of P < 0.05 (R package agricolae; RStudio). As shown in Table 1 , there was a significant difference in P, Ca, and Mg among groups. Analysis of topsoil (0-10 cm depth) showed that both soil OM and N content were higher at Youngcheon (site A), with both Gunwi (site B) and Chungju (site C) showing similar lower values. Site A also had the most vigorous trees. Soil OM content was closely related to soil N availability for plants (Sahrawat, 2006) . There was a significant difference in soil N when the data for 10-20 cm were combined with data for 0-10 cm during DMRT comparisons among sites (site A = 0.17, site B = 0.12, and site C = 0.10) ( Table 1) . Differences in tree vigor corresponded with differences in soil data (Table 2) because the relation between the tree vigor gradient and soil nutrition provided reasons to perform further leaf sampling and nutritional analyses using the chlorophyll meter.
Leaf nutrient profiling (Fig. 1 ) indicated that the highest foliar N levels in May gradually decreased throughout the remainder of the studied growth period. Similarly, P and K were highest in May and decreased thereafter. However, the trend line of Ca levels appeared to be lowest in June and slightly increased in July, but there were too many monthly variations in Ca distribution. In contrast, Mg levels remained relatively low compared with those of other nutrients throughout the growing season. (Uddling et al., 2007) . Before using the chlorophyll meter to measure leaf Chl content, we verified the relationship between the chlorophyll meter readings and actual leaf Chl content (Fig. 2) .
SPAD readings were positively and highly related to Ct content (r = 0.95) (Fig. 2A) . Linear regression analysis showed that individual leaf Chl content can be reliably predicted using the SPAD reading (Fig. 2B) , which explained how SPAD readings can be an accurate indication of leaf Chl content of 'Arisoo' apple tree leaves.
Based on these findings, we performed an analysis of the correlation matrix of leaf nutrients and SPAD readings using random leaf sampling (Fig. 3) . Consistent with the results of previous studies of other crops [rice (Oryza sativa), hardwood trees, and maize (Zea mays)] (Ata-Ul- Karim et al., 2016; Chang and Robison, 2003; Costa et al., 2001) , SPAD readings were significantly correlated with the N content of apple leaves at all sampling timepoints. A previous study reported that the relationship between SPAD readings and leaf N status varied among apple cultivars as well as with sampling times (Neilsen et al., 1995) . The scatter plot matrix in Fig. 3 shows that leaf N levels had a strong correlation with SPAD readings from late June to July, but that the correlation decreased in May and August. These results indicated that the optimum sampling timepoint for assessing leaf N levels was between late June and late July. Therefore, to obtain calibration data, we collected leaf samples with a wide range of leaf Chl and N pools in June and July.
We measured the SPAD readings and foliar N content of 4-year-old 'Arisoo' apple trees leaves with a wide range of Chl pools. A significant and much higher correlation coefficient resulted compared with that indicated by the previous correlation data (r = 0.91 in June; r = 0.85 in July) (Fig. 4) . Linear regression models for assessing leaf N were y = 0.0314x + 0.3323 (R 2 = 0.822) in June and y = 0.0307x + 0.1786 (R 2 = 0.7359) in July. To validate each leaf N regression model, we performed a fit test validation. A 95% fit plot result showed that the data were more scattered during July than during June (Fig. 5A) , indicating that the leaf N regression model showed a relatively better fit in June than it did in July. As shown in the plot of residuals vs. the fitted plot, the maximum residual value in June was smaller than that in July, and the residual distribution was more widely scattered (-0.4 to +0.4) in July (Fig. 5C ), whereas the residual distribution was less scattered (-0.2 to +0.2) in June (Fig. 5B) . Specifically, the average trend line from the model in June was close to 0, which was almost parallel to fitted values (x-axis). However, both regression models had a small range of leverage values, which were all less than 0.05. Therefore, we concluded that the best time to assess leaf N of 'Arisoo' apple trees using the chlorophyll meter is late June.
Discussion
In this study, we aimed to establish the nutritional assessment model for 'Arisoo' apple leaves. We found that there were positive relationships between SPAD readings and leaf N content in June and July. The correlation coefficient in July was r = 0.85, which was still highly positive. The fit test validation results of the July model (Fig. 5C ) indicated that leverage points more than 0.05 might have contributed to distortion of the line. In addition, there were points at the end of the line in the normal Q-Q plot that influenced the accuracy of the July regression model. Fit results for July might be improved with further correction of the data. During the growing period that was studied, there was an inconsistent correlation between the leaf Chl and N content. 'Arisoo' apple, which is a midharvest cultivar, has a unique leaf structure compared with that of other cultivars. The variations in leaf morphology of different apple cultivars could affect chlorophyll meter estimations and their correlation with leaf N levels. Therefore, previous studies have reported that leaf thickness influenced the accuracy of Chl estimation obtained using the SPAD reading (Campbell et al., 1990; Marenco et al., 2009) . We compared three different leaves from scion cultivars Fuji, Hongro, and Arisoo (Fig. 6) . Light transmission might be challenging with a thicker leaf structure (Fig. 6A ) compared with light transmission of leaves that are not as thick ( Fig. 6B and C) . When the light source from the chlorophyll meter goes through the leaf surface, the irregular abaxial layer of 'Arisoo'/ M.9 leaves might cause a scattering effect with light diffraction, which could result in miscalculation of the actual leaf Chl content. Because a previous study showed that the cuticle wax layer tends to become much thicker during the later period of growth (Fern andez et al., 2016) , the unique leaf properties of 'Arisoo' apple may explain the inconsistent correlation observed between SPAD readings and the actual leaf Chl content.
The correlation matrix revealed that among the five macronutrients analyzed, a significant positive relationship was observed only between SPAD readings and N content at all sampling timepoints during the growth period studied. Notably, the value of SPAD readings increased in late summer, whereas that of foliar N content decreased, indicating that the correlation becomes weak during the earlier and later stages of growth. Altogether, our results suggest that the chlorophyll meter can be used to measure N content in young 'Arisoo' apple leaves, but low SPAD-N correlation and its inconsistency with time should be explained to diagnose leaf nutrient status effectively. A comparison of leaf tissue layers from 'Arisoo' with that of other cultivars might explain the inconsistency in the SPAD-N relationship, but the physiological processes occurring toward the end of the growing season need to be further investigated.
Among the five major leaf macronutrients from 'Arisoo'/M.9 apple trees that were analyzed, leaf N was most strongly associated with SPAD readings during the studied growth period. A regression analysis indicated that the best sampling timepoint for accurate prediction of apple foliar N levels is from late June to late July. Therefore, leaf N assessments may be performed in a fast, reliable, nondestructive way in apple orchards. However, the inconsistency in the high correlation toward the end of the growing season requires further investigation. 
